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SIMULATION OF THE 5-2 ENGINE GIMBAL BEARING 

By K .  E .  D e m o r e s t  and K .  W .  Wilks 

George C .  Marshall  Space F l i g h t  Center 
Hun t sv i l l e ,  Alabama 

ABSTRACT 

A t e s t  appa ra tus ,  designed t o  s imula t e  t h e  ope ra t ion  of t h e  5 - 2  
engine gimbal system, was used t o  tes t  t h e  5 - 2  gimbal l u b r i c a n t  a t  a t -  
mospheric p r e s s u r e ,  a t  mm of Hg, and o v e r  a wide range of tempera- 
t u r e s .  The c u r r e n t l y  s p e c i f i e d  gimbal l u b r i c a n t ,  Fabroid ( a product of 
t h e  Micromatic Hone Corporat ion)  c o n s i s t s  of  woven g l a s s  and Tef lon  
f ibers  bound toge the r  wi th  a phenolic r e s i n .  The Fabroid l u b r i c a n t  pro- 
v ided  a low and cons t an t  c o e f f i c i e n t  of f r i c t i o n  bo th  a t  atmospheric 
p re s su re  and a t  mm of Hg a t  l oads  t o  25,000 p s i  a s  long a s  the  ambient 
temperature  remained cons t an t .  However, t h e  c o e f f i c i e n t  of f r i c t i o n  of 
Fabroid was shown t o  be  temperature dependent ,  i n c r e a s i n g  sha rp ly  wi th  
reducing  tempera tures .  Although no experimental  evidence ind ica t ed  any 
degrada t ion ,  t h e  l u b r i c a t i n g  c h a r a c t e r i s t i c s  of Fabroid under high bea r ing  
loads  had a tendency t o  f r a y  and shed f i b r o u s  m a t e r i a l  dur ing  use  a t  t h e  
h i g h e r  l o a d s .  
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TECHNICAL MEMORANDUM X-53379 

SIMULATION OF THE 5-2 ENGINE GIMBAL BEARING 

SUMMARY 

A series of t es t s  was made on the gimbal l u b r i c a n t  s e l e c t e d  f o r  t h e  
5 - 2  engine gimbal.  These tests were made on a s imula to r  u s i n g  small b a l l -  
socke t  bear ings l u b r i c a t e d  with Fabroid, a woven g la s s -Te f lon  c l o t h  
bonded t o  the s u r f a c e  wi th  a phenolic r e s i n .  The Fabroid l u b r i c a n t  
appeared t o  be s u i t a b l e  f o r  high load gimbal o p e r a t i o n  providing both 
low f r i c t i o n  c h a r a c t e r i s t i c s  and good wear l i f e .  Tests made a t  p re s su res  
760 mm of Hg and 10-6 mm of Hg ind ica t ed  t h a t  t h e  Fabroid was no t  adve r se ly  
a f f e c t e d  by a vacuum environment. Tests made over temperature ranges from 
180°C t o  -100°C i n d i c a t e d '  t h a t  t he  c o e f f i c i e n t  of f r i c t i o n  increased with 
dec reas ing  temperature from 0.02 - 0.03 a t  180°C t o  0.16 - 0.25 a t  -100°C. 

INTRODUCTION 

Engines on t h e  upper s t a g e s  of t h e  Sa tu rn  v e h i c l e s  ope ra t e  i n  environ-  
ments ranging from those  of the e a r t h  atmospheric pressure t o  t h e  vacuum 
of space .  The gimbal l u b r i c a n t s  f o r  t h e s e  engines  must be capable of pro- 
v i d i n g  a low and c o n s t a n t  c o e f f i c i e n t  of f r i c t i o n  a t  h igh  u n i t  loads through 
t h e s e  p re s su re  environments and over t he  temperature range t o  which t h e  
gimbal w i l l  be exposed. I n  the Saturn V launch v e h i c l e ,  both upper s t a g e s ,  
t h e  S - I 1  and the  S-IVB, u t i l i z e  the 5 - 2  eng ine ,  which i s  manufactured by 
Rocketdyne, a d i v i s i o n  of North American Av ia t ion ,  Inco rpora t ed .  The S - I 1  
s t a g e  uses  a c l u s t e r  of f i v e  5 -2  engines f o r  p ropu l s ion ,  and the  S-IVB u s e s  
a s i n g l e  5-2 eng ine .  
Rocketdyne f o r  t h e  5-2 engine i s  Fabroid (a phenol ic  resin-bonded g l a s s -  
T e f l o n  woven f a b r i c  manufactured by t h e  Fabroid Div i s ion  of t he  Micromatic 
Hone Corpora t ion ) .  The 5-2 engine gimbal u ses  a b a l l  afid socket  des ign  t o  
suppor t  t he  f u l l  engine t h r u s t .  The gimbal w i l l  r e c e i v e  t h r u s t  loads of 
200,000 pounds (approximately 25,000 p s i  based on  the p ro jec t ed  load c a r r y i n g  
area of the gimbal) .  The ope ra t ion  temperature range i s  no t  de f ined  y e t  
b u t  i s  assumed t o  be from 5OoC t o  -180°C (122OF t o  -290°F). 

The gimbal l u b r i c a n t  which has  been s p e c i f i e d  by 



TEST APPARATUS 

The t e s t  apparatus  which w a s  used f o r  s imula t ing  the  5-2 gimbal bea r ing  
i s  shown i n  FIG 1 and 2 .  The parameters of t h e  engine gimbal which were 
s imulated included the  bea r ing  u n i t  l oad ,  o s c i l l a t i n g  motion, and bea r ing  
materials,  a s  w e l l  a s  temperature and p res su re  v a r i a t i o n s .  The bea r ing  used 
i n  t h e  s imulator  was a s t anda rd  number 03-001-0500 b a l l  socket- type bea r ing ,  
manufactured by t h e  Fabroid Div i s ion  of t h e  Micromatic Hone Corporat ion.  
This  bear ing,  which w a s  used a s  t h e  model bea r ing ,  had approximately fou r  
pe rcen t  of the p ro jec t ed  bea r ing  area of t he  5-2  engine gimbal bea r ing .  

A s  shown i n  FIG 2 ,  t he  bea r ing  s h a f t  w a s  supported by fou r  l a r g e  
r o l l e r  bear ings mounted i n  the  s imula to r  frame. 
l oad ,  t hese  bear ings con t r ibu ted  a n e g l i g i b l e  amount t o  the f r i c t i o n a l  f o r c e  
as compared t o  the test bea r ing  i n  the  c e n t e r  of t he  s h a f t .  The bea r ing  
load w a s  appl ied t o  the  t e s t  bea r ing  through a load c e l l  by a screw-actuated 
p res so r  f o o t .  A one-half inch t h i c k  ceramic d i s c  was pos i t i oned  between t h e  
p re s so r  foo t  and t h e  load c e l l  t o  prevent h e a t  t r a n s f e r  between the  bea r ing  
and t h e  load cel l .  The bea r ing  s h a f t  was provided wi th  two arms which were 
connected t o  a motor-driven e c c e n t r i c  by a connecting rod on which were 
mounted s t r a i n  gages f o r  measuring t h e  f r i c t i o n a l  f o r c e .  The arms provided 
a mechanical advantage of 14 :1 ,  and t h e  e c c e n t r i c  provided a t o t a l  angle  of 
o s c i l l a t i o n  of 14 degrees  du r ing  o p e r a t i o n  of t he  dev ice .  The o s c i l l a t i o n  
speed w a s  0.7 cyc le  p e r  second. Temperature c o n t r o l  of t he  bea r ing ,  wh i l e  
ope ra t ing  a t  reduced p r e s s u r e s ,  w a s  provided by h e a t i n g  or  coo l ing  t h e  
p r e s s o r  f o o t .  A t  atmospheric p re s su re  , low temperatures  were obtained by 
surrounding t h e  bea r ing  with a c o n t r o l l e d  flow of l i q u i d  n i t r o g e n .  The 
bea r ing  temperatures were measured by a thermocouple i n s t a l l e d  between t h e  
bea r ing  ou te r  r a c e  and the  p re s so r  f o o t .  

Because of t h e  d i s t r i b u t e d  

DISCUSSION 

Wear L i f e  Eva lua t ion  

The f i r s t  t e s t s  were made t o  determine t h e  e f f e c t  of o p e r a t i n g  t i m e  
on t h e  c o e f f i c i e n t  of f r i c t i o n  of the Fabroid l u b r i c a n t  a t  atmospheric 
p re s su re  and a t  10-6 mm of Hg. 
a t  25,000 p s i  u n i t  l oad .  These d a t a  i n d i c a t e  t h a t  t he  c o e f f i c i e n t  of 
f r i c t i o n  of Fabroid is una f fec t ed  s u b s t a n t i a l l y  by reduced p res su res  o r  
by o p e r a t i n g  times up t o  120 minutes (5000 c y c l e s ) .  A t  t h e  completion of 
t h e s e  t e s t s ,  it was noted t h a t  t h e  Fabroid w a s  f r ayed ;  as a r e s u l t ,  sheared 
f i b r o u s  p a r t i c l e s  of g l a s s  and Te f lon  were extruded from t h e  edges of t he  
bea r ing .  A photograph of one of t h e s e  bea r ings  i s  shown i n  FIG 4 ,  and 
sec t ioned  views of the same b e a r i n g  a r e  shown i n  FIG 5 .  

F igu re  3 shows the r e su l t s  of t h e s e  tests 
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Vacuum Evaluat ion 

A second series of tes ts  was made t o  determine t h e  e f f e c t  of tempera- 
The nominal bea r ing  t u r e  v a r i a t i o n  on Fabroid ope ra t ing  a t  

u n i t  load w a s  set a t  25,000 p s i ;  however, s i n c e  the  bear ing load w a s  p r e -  
se t  mechanically be fo re  the  t es t  chamber w a s  evacuated,  changes i n  tempera- 
t u r e  tended t o  vary the  appl ied load on t h e  bea r ing  due t o  thermal expan- 
s i o n  and c o n t r a c t i o n  of t he  bear ing components. Resul ts  of t h e s e  tes ts  wi th  
va ry ing  load a r e  shown i n  FIG 6 .  The l a r g e  v a r i a t i o n  i n  f r i c t i o n  appeared 
t o  be dependent on temperature;  however, t h e  second-order e f f e c t s  of t he  
load v a r i a t i o n  could not  be el iminated from the  vacuum tests.  Since t h e  
previous e v a l u a t i o n  ind ica t ed  t h a t  low ambient p re s su res  had l i t t l e  o r  no 
e f f e c t  on the  f r i c t i o n a l  c h a r a c t e r i s t i c s  of Fabroid,  subsequent tests were 
made a t  atmospheric pressure t o  maintain t h e  load and t o  achieve lower 
temperatures .  

mm of Hg. 

Temperature Evaluat ion 

The tes ts  r epor t ed  i n  t h i s  s e c t i o n  were made a t  atmospheric p re s su re .  
To lower the  bea r ing  temperature t o  t h e  range of -150"C, the lower h a l f  
of t h e  bea r ing  was submerged i n  l i q u i d  n i t r o g e n  during o p e r a t i o n .  Tempera- 
t u r e  c o n t r o l  w a s  maintained by varying the flow r a t e  of t he  l i q u i d  n i t r o g e n .  
Tests were made a t  t h r e e  d i f f e r e n t  u n i t  loads (12,000 p s i ,  15,000 p s i ,  and 
25,000 p s i )  through a temperature range of 100°C t o  -150°C. Data were taken 
du r ing  both i n c r e a s i n g  and decreasing temperature changes t o  determine the 
temperature l a g  between t h e  inne r  and o u t e r  races. Then, t h e  raw d a t a  were 
c o r r e c t e d  by the  known temperature l a g  t o  provide t h e  curves shown i n  FIG 7 .  
The r e s u l t s  of tests made by Rocketdyne on a f u l l  s c a l e  5 - 2  gimbal a r e  com- 
pared wi th  the  r e s u l t s  obtained a t  25,000 p s i  on the  s imula to r .  The d a t a  
ob ta ined  from Rocketdyne i n d i c a t e  t h a t  a maximum c o e f f i c i e n t  of f r i c t i o n  i s  
reached a t  approximately -100°C. These r e s u l t s  were no t  i n  agreement with 
those  obtained a t  Marshall  Space F l i g h t  Center (MSFC), where the  c o e f f i c i e n t  
of f r i c t i o n  continued t o  inc rease  with dec reas ing  temperature .  Grea te r  
confidence is  placed i n  the MSFC data  based on the  information a v a i l a b l e .  
F i r s t ,  r ega rd ing  experimental  procedure, t he  bear ings were cooled by immersion 
i n  l i q u i d  ni t rogen,  which n e c e s s i t a t e d  a temperature l a g  between o u t e r  su r f ace  
and a c t u a l  bea r ing  s u r f a c e .  This l a g  was measured and compensated i n  the 
MSFC d a t a  taken on the  small  mass of t he  model bear ing.  A much g r e a t e r  tempera 
t u r e  l a g  should have been observed i n  the Rocketdyne test  because of t he  
l a r g e r  bea r ing  mass. The Rocketdyne d a t a  presented i n  FIG 8 could be ex- 
p l a ined  b e t t e r  i f  they were based on the c o e f f i c i e n t  of f r i c t i o n  of the i n -  
t e r n a l  bea r ing  s u r f a c e  corresponding t o  temperature measurements on the  co lde r  
o u t e r  s u r f a c e .  Secondly, regarding the  m a t e r i a l  p r o p e r t i e s ,  t he  inc rease  
i n  f r i c t i o n  wi th  decreasing temperature i s  bel ieved t o  be based on the  in-  
c r e a s e  i n  modulus ( s t i f f n e s s ,  hardness ,  o r  shear  r e s i s t a n c e )  of Teflon.  The 
modulus of Te f lon  inc reases  35 percent from -100°C t o  180°C ( r e f .  1 ) .  The 
MSFC d a t a  i n d i c a t e  a 50 percent  increase i n  f r i c t i o n  over t he  same tempera- 
t u r e  range,whereas Rocketdyne d a t a  i n d i c a t e  t h a t  t he  f r i c t i o n  is c o n s t a n t .  

3 



. 
CONCLUSIONS 

The r e s u l t s  of t h i s  program i n d i c a t e  c l e a r l y  t h e  n e c e s s i t y  f o r  a 
c a r e f u l  temperature a n a l y s i s  of t he  5-2 engine gimbal bea r ing  when in-  
corporated i n t o  the  Sa tu rn  upper s t a g e s .  U n t i l  such an  a n a l y s i s  i s  com- 
p l e t e d ,  one cannot recommend Fabroid f o r  the bea r ing  l u b r i c a n t  u n l e s s  
t h e  hydrau l i c  a c t u a t i o n  system of the 5-2 engine can be designed t o  
accommodate the  wide v a r i a t i o n  i n  gimbal f r i c t i o n  which has  been demon- 
s t r a t e d  t o  occur as a f u n c t i o n  of temperature .  
of t h e  bear ing i n  s t a g e  a p p l i c a t i o n  i s  such t h a t  t h e  l u b r i c a t i n g  c h a r a c t -  
e r i s t i c s  of Fabroid a r e  u n s a t i s f a c t o r y ,  c u r r e n t l y  a v a i l a b l e  d r y  f i l m  
l u b r i c a n t s ,  which a r e  e s s e n t i a l l y  i n s e n s i t i v e  t o  temperature and a r e  
e f f e c t i v e  a t  high loads ,  such a s  those used on t h e  Centaur s t a g e  engine 
gimbal bea r ing ,  could be s u b s t i t u t e d  f o r  t he  Fabroid b u t  would r e q u i r e  a 
r e d e s i g n  of t he  gimbal bea r ing  t o  accommodate changes i n  l u b r i c a n t  t h i c k n e s s .  

I f  t he  temperature p r o f i l e  

S p e c i f i c  conclusions which can be drawn from t h e  e v a l u a t i o n  program 
are l i s t e d  below: 

.I. The Fabroid gimbal l u b r i c a n t  provides a l o w  and c o n s t a n t  c o e f f i c i e n t  
of f r i c t i o n ,  a t  atmospheric p re s su re  and a t  10-6 mm of Hg, when exposed t o  
u n i t  loads of up t o  25,000 p s i  i f  t h e  temperature remains r e l a t i v e l y  cons t an t  
a t  25°C and the number of o p e r a t i n g  c y c l e s  does n o t  exceed 5,000. 

2 .  The l u b r i c a n t  tends t o  wear and shed f i b e r s  of g l a s s  and Te f lon  
du r ing  long per iods of o p e r a t i o n  a t  high l o a d s ;  however, no i n c r e a s e  i n  
f r i c t i o n  was noted as a r e s u l t  of t h i s  du r ing  t h e  d u r a t i o n  of t h e  t e s t i n g  
c y c l e .  

3 .  The c o e f f i c i e n t  of f r i c t i o n  of Fabroid i n c r e a s e s  sha rp ly  wi th  
dec reas ing  temperature,  changing from approximately 0.04  a t  +lOO°C t o  0 .22  
a t  -180°C. 
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FIGURE 1.- PHOTOGRAPH OF HIGH LOAD GIMBAL TESTER 
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J M D i r e c t o r ,  Propulsion and Vehicle Engineering Laboratory 
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